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I n t  roduct  i on 
The ob jec t  o f  t h i s  ana lys is  i s  t o  develop a  method f o r  s imula t ing  charge 
and discharge c h a r a c t e r i s t i c s  o f  secondary ba t te r i es .  The ana lys i s  u t i -  
1  i zes a  non-1 i near regression technique where empi r i c a l  data i s  computer 
f i t t e d  w i t h  a  f i v e - c o e f f i c i e n t  non- l inear  equation. The equations f o r  
charge and d i  scharge vo l tage are  i d e n t i c a l  except f o r  a  change o f  s ign  
before t h e  second and t h i r d  terms. 
Di scharge Voltage = A - B  + ~ e - E x  
C - x  
Charge Voltage = A +  B  - ~ e - E X  
C - x  
Figures 1 and 2  show t y p i c a l  charge and discharge curves, w i t h  dots  repre- 
sent i  ng actual  vo l tage data and t h e  s o l i d  l i n e  represent ing  t h e  t h e o r e t i c a l  
f i t. The data i s  taken from a  t e s t  o f  12 amp-hr, NiCd c e l l s  c y c l i n g  i n  a  
near-ear th o r b i t  regime a t  t h e  Je t  Propulsion Laboratory. The f i g u r e s  show 
t h a t  t h e  t h e o r e t i c a l  f i t  i s  accurate t o  w i t h i n  2-3 m i l l i v o l t s .  
When c o e f f i c i e n t s  A, B, C, D, and E are p l o t t e d  versus cycles, c e r t a i n  
t rends are apparent. F igure  3  shows t h e  f i v e  c o e f f i c i e n t s  f o r  c e l l s  c y c l i n g  
a t  a  50% depth o f  d i  scharge and 200 C. A regression ana lys i s  was performed 
on vo l tage data a t  100 cyc le  i n t e r v a l s  up t o  3000 cycles, w i t h  the  exception 
o f  t h e  f i r s t  100 cycles f o r  which t h e  i n t e r v a l  was smaller. 
For  c o e f f i c i e n t s  A, B, C, and E t h e r e  i s  a  sharp r i s e  dur ing  t h e  f i r s t  100 
cycles, and f o r  c o e f f i c i e n t  D, a  sharp decline. A f t e r  reaching t h e  peak a t  
100 cycles, t h e r e  i s  a  gradual dec l i ne  f o r  approximately 1000 t o  1500 cycles 
f o r  c o e f f i c i e n t s  A, B, C, and E; c o e f f i c i e n t  D shows a  gradual increase over 
t h e  sarns i n t e r v a l .  By 1500 cycles, a l l  c o e f f i c i e n t s  have reached an equi- 
l i b r i u m  a t  which t h e  value o f  t h e  c o e f f i c i e n t  i s  s table.  
The ra tes  o f  change o f  t he  c o e f f i c i e n t s  vary w i t h  temperature. F igu re  4  
shows c o e f f i c i e n t  A a t  20, 30, and 40° C. The t rends are s i m i l a r  a t  each 
temperature, except t h a t  t h e  po in t  o f  s t a b i l i t y  i s  reached a t  p rogress ive ly  
e a r l i e r  cycles, from 1500 cyc les  a t  20° C t o  500 cyc les  a t  40° C. 
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We have found t h a t  c o e f f i c i e n t s  A, By and C a r e  h i g h l y  cor re la ted .  F ig -  
u re  5 shows c o e f f i c i e n t  A p l  o t t e d  agai ns t  c o e f f i c i e n t  C f o r  t h e  c e l l s  a t  
200 C. 
Modeling t h e  Voltage 
For  t h e  remainder o f  t h i s  analys is ,  t h e  d i f f e r e n t  areas o f  t h e  curves 
w i l l  be charac ter ized as fo l l ows  (see F igu re  6) :  
Phase I represents t h e  i n i t i a l  sharp r i s e  ( o r  dec l ine)  from 
i n i t i a l  vo l tage Io. 
@ Phase I 1  represents t h e  gradual dec l i ne  ( o r  r i s e )  from t h e  
peak a t  I 1,. 
0 Phase I11 represents t h e  reg ion  o f  s t a b i l i t y  beginning a t  
I I 1,. 
I n  order  t o  p r e d i c t  t he  charge o r  discharge c h a r a c t e r i s t i c s  a t  a g iven 
cyc le ,  s p e c i f i c  values f o r  c o e f f i c i e n t s  A, B, C, D, and E are s u b s t i t u t e d  
i n t o  t h e  o r i g i n a l  non- l inear  equations where vo l tage  i s  now t h e  dependent 
var iable.  To e s t a b l i s h  s p e c i f i c  values f o r  t h e  c o e f f i c i e n t s  a t  a g iven 
cyc le,  t h e  f o l l o w i n g  cal  cu la t i ons  were made: 
The slopes f o r  Phases I and I 1  were c a l c u l a t e d  f o r  a1 1 
temperatures. 
0 A value f o r  t h e  c o e f f i c i e n t  i n  Phase I 1 1  was ca l cu la ted  
based on t h e  mean over t h a t  phase. 
0 The values f o r  Io, II,, and IIIo were est imated by i n t e r -  
s e c t i o n  o f  t h e  l i n e a r  po r t i ons  o f  each phase. 
F igure  7 shows a general ized equat ion where slopes are symbolized by h and 
X represents the  amp-hrs o f  charge removed from t h e  c e l l  i n  discharge o r  
added t o  t h e  c e l l  i n  charge. 
Once t h e  slopes and i n i t i a l  values I,, 110, and IIIo are  determined f o r  a 
p a r t i c u l a r  temperature and depth o f  discharge, i t  i s  a s t r a i g h t f o r w a r d  
c a l c u l a t i o n  t o  determine the  charge and discharge curves f o r  a p a r t i c u l a r  
cycle, h a t e v e r  t h e  range (Phase I, I 1  o r  111). 
Operat ional S i  gni  f i cance 
The spacecraf t  manager can be faced by a number o f  s i t u a t i o n s  where t h e  
use o f  a vol tage p r e d i c t i o n  model cou ld  be o f  use: 
0 Voltage p r e d i c t i o n  w i t h  sparse data  
Voltage p r e d i c t i o n  o f  a neighbor ing c y c l e  
Voltage p r e d i c t i o n  o f  a cyc le  l a t e r  i n  l i f e .  
The f i r s t  case p r e d i c t i o n  w i t h  sparse data i s  a p r a c t i c a l  necessity,  due t o  
t h e  f a c t  t h a t  t he re  i s  o f t e n  a l i m i t a t i o n  on t h e  amount o f  data t h a t  can be 
telemetered t o  t h e  ground dur ing  a spacecraf t  o r b i t .  Furthermore, i n  
managing t h e  energy balance o f  a spacecra f t ' s  power system, it i s  o f ten  
usefu l  t o  t r a c k  t h e  b a t t e r y ' s  performance g iven s p e c i f i c  loads and thus  
voltage p r e d i c t i o n  o f  neighbor ing cycles. F i n a l l y ,  i n  long-term missions, 
i t  could be very usefu l  f o r  t h e  manager t o  be able t o  p r e d i c t  power system 
behavior several years l a t e r  i n  t h e  mission. 
Candidates f o r  L i f e  P red ic t i on  
The purpose o f  l i f e  p r e d i c t i o n  i s  t o  f i n d  t rends such as those es tab l ished 
i n  F igures 3 and 4 which c o r r e l a t e  we1 1 w i t h  l i f e .  It would be usefu l ,  
moreover, i f  these t rends cou ld  be es tab l ished e a r l y  i n  t h e  l i f e  o f  a c e l l ;  
du r ing  t h e  f i r s t  few hundred cycles, f o r  example. I n  t h i s  ana lys is ,  a 
number o f  t rend  desc r ip to rs  o r  s ignatures were i nves t iga ted  t o  see which 
best  c o r r e l a t e d  w i t h  l i f e .  The candidates fo r  c o r r e l a t i o n  w i t h  l i f e  were as 
fo l lows:  
Value o f  parameter dur ing  f i r s t  cyc les  
0 Value a f t e r  i n i t i a l  r i s e  o r  dec l i ne  
e Slope dur ing  i n i t i a l  r i s e  o r  d e c l i n e  (100 cyc les)  
o Slope a f t e r  i n i t i  a1 r i s e  o r  dec l i ne  (100-1500 cycles)  
Value o f  parameter a f t e r  l e v e l i n g  o f f .  
A f t e r  cons ider ing  each o f  these "candidates," i t  was determined t h a t  t h e  
most cons is ten t  r e s u l t s  were found by c o r r e l a t i n g  l i f e  w i t h  t h e  f o u r t h  
candidate, t h e  s l  ope a f t e r  t h e  i n i t i  a1 r i s e  o r  dec l ine  (100-1500 cycles).  
F igu re  8 shows t h e  I n  slope o f  t h ree  o f  t he  c o e f f i c i e n t s ,  A, B, and C, 
p l o t t e d  against temperature f o r  two depths o f  discharge, 35% and 50%. 
This f i g u r e  suggests t h a t  as temperature increases-there i s  a l i n e a r  
increase i n  t h e  I n  slope o f  these c o e f f i c i e n t s  over t h e  range under i n -  
ves t iga t ion .  The d i f f e r e n c e  between 35% and 50% depth o f  d ischarge i s  
approximately 1.0 on t h e  I n  scale. 
Cor re la t i on  w i t h  L i f e  
F igure  9 shows actual  and pred ic ted values o f  c y c l e s - t o - f a i l u r e  f o r  t h ree  
o f  t h e  packs c y c l i n g  a t  JPL, 50%/40° C, 50%/30° C, and 35%/40° C. The equa- 
t i o n  used t o  t h e o r e t i c a l l y  c a l c u l a t e  mean cycles t o  f a i l u r e  was der ived 
several years ago and i s  found i n  previous Proceedings o f  t h e  B a t t e r y  
Workshop. The pred ic ted cyc les  t o  f a i l u r e  are w i t h i n  10% t o  20% o f  t h e  
actual  mean val  ue cyc le  t o  value which are approximately 9,000 cyc les  f o r  
t h e  50%/300 C and 35%/400 C c e l l s  and approximately 3400 f o r  t h e  50%/40° C 
c e l l s .  
I n  a very  q u a l i t a t i v e  sense, increas ing temperature and depth o f  discharge 
bo th  lead t o  sho r te r  b a t t e r y  l i f e ,  and t h e  r i s e  i n  100 C i s  rough ly  equiva- 
l e n t  t o  a 15% increase i n  depth o f  discharge. I n  F igure  9, an increase i n  
temperature from 30° C t o  40° C f o r  t h e  50% depth o f  discharge c e l l s  caused 
a drop i n  cyc le  l i f e  from approximately 9000 t o  3400 cycles. The same s o r t  
o f  drop was seen i n  t h e  two 40° C packs when t h e  depth o f  discharge i s  
increased from 35% t o  50%. 
These f ind ings  are  cons is ten t  w i t h  those found i n  F igu re  8, where t h e  i n -  
crease i n  I n  slope over l o 0  C (approximately 1.0) i s  t h e  same d i f f e r e n t i a l  
as was found between each o f  t h e  35% and 50% depth o f  discharge curves. This 
r e s u l t  demonstrates i n  a q u a l i t a t i v e  sense a t  l e a s t  a 100 C increase i n  
temperature i s  equivalent  t o  a 15% increase i n  depth o f  discharge. 
Summary 
F igure  10 i s  an attempt t o  est imate t h e  q u a l i t y  o r  r e l i a b i l i t y  o f  a predic-  
t i o n  based on t h e  amount o f  data avai lable.  One s t a r  i nd i ca tes  a f a i r  
est imate; t h r e e  s ta rs  i nd i ca tes  a good estimate. It i s  c l e a r  t h a t  accumu- 
l a t i  ng data over e a r l y  l i f e  (Phase I )  i s  a l e s s  r e l i a b l e  basis f o r  p red ic -  
t i o n  than data accumulated i n  m i d - l i f e  (Phase 11). The best  p r e d i c t i o n  f o r  
bo th  voltage behavior and cycles t o  f a i l u r e  can be made a f t e r  t h e  t e s t  has 
passed p o i n t  IIIo when t h e  c e l l  reaches i t s  s t a b i l i t y  po in t  a f t e r  approxi-  
mately 500-1500 cycles. 
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Figure 4. 5-fit discharge 50% DCD parameter A. 
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Figure 10. Estimate of quality of prediction. 
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Ellason, Lockheed: The battery w i t h  the two shorted ce l l s  - would 
you care to  comment on the age. 
Pickett ,  Hughes Aircraft: Yeah, they were a t  l eas t  well the in orb i t  
l i f e  time was about seven years and you can see tha t  from the graph 
when the voltage dropped off significantly.  The actual age of the 
ce l l s  themselves were about nine years. 
McDermott, B&K Dynamics, Inc.: I noticed tha t  on several of the 
graphs your predicted value actually changed as you were changing the 
1 oads? 
Pickett ,  Hughes Aircraft: That's r ight.  
McDermott, B&K Dynamics, Inc.: So you have current density terms in 
there tha t  are  so r t  of mapping those charges? 
Pickett, Hughes Aircraft: That's in the depth of discharge. 
McDermott, B&K Dynamics, Inc: How come tha t  the l a s t  one the predicted 
d idn ' t  seem to  change very much when the low charged quite radically? 
Pickett, Hughes Aircraft: The reason why i s  t ha t  there 's  several c e l l s  
in a number of bat ter ies  which did not have shorts.  That particular 
battery had shorts the other ce l l s  d idn ' t  and we would have t o  take 
an average or  meaning of a1 1 the other ce l l s  on the consideration and 
the analysis and t h a t ' s  why the predicted d idn ' t  follow that  particular 
curve. 
Weiner, Aerospace Corporation: Did you or do you intend to  include 
the a f fec t  of anv we-use of the batter-y before launch such as times 
and activation tkmperature storage burn-i n cycles or acceptance t e s t  
cycles and so on. 
Pickett, Hughes Aircraft: The answer to  the acceptance t e s t  cycles 
and b u r n - i n  cycles t h a t ' s  kind of hard to  do since everything we do 
i s  pretty much standard. I t ' s  hard to  vary tha t .  In answer to  some 
of the other things we plan to  look a t  possibly the wet l i f e  i s  
something which we should look a t  as well as the time the bat ter ies  
have to  stay in open c i rcu i t .  Although I will point out that  in some 
of these bat ter ies  tha t  we've used for  systems t e s t  as well as space- 
c ra f t  t e s t  you are  aware tha t  the bat ter ies  sometimes s e t  open 
c i r cu i t  a t  high temperatures maybe as long as two or three weeks 
something l ike  that .  
Hafen, Lockheed: Does your model predict-an operating temperature? 
A. P i c k e t t ,  Hughes A i r c r a f t :  You could probably ge t  t h a t  o u t  o f  i t  by 
doing some ana lys is  w i t h  it. I n  o ther  words, we were ab le  t o  p r e d i c t  
an optimum charge r a t e  us ing i t  and I t h i n k  we could probably do t h a t  
w i t h  temperature as long as the  temperatures a r e  w i t h i n  t h e  range o f  
t he  data base. 
Q. Hendee, Telesat  Canada: Would t h e  b a t t e r y  t h a t  developed t h e  two 
shor ts  be one t h a t  I might  poss ib ly  recognize? 
A. P i c k e t t ,  Hughes A i r c r a f t :  No i t ' s  n o t  an ANIK s a t e l l i t e .  
Q. Hendee, Telesat  Canada: We've had some on t h a t  as we l l  bu t  okay. 
A. Ma1 l o r y ,  AT&T B e l l  Labs: I take i t  from the  shape of t he  equation 
t h a t  t h e  discharge i n  the  e a r l y  stages has no a f f e c t  on the  p r e d i c t i o n  
t h a t  t h e  l a t e r  stages b u t  i t ' s  each i n d i v i d u a l  season t h a t  you nave 
t o  worry about. 
Q. P i cke t t ,  Hughes A i r c r a f t :  I ' m  n o t  sure I understand your quest ion 
Dean. 
A. Mal lory,  AT&T B e l l  Labs: I n  some o f  your  curves you showed a case 
where the  load changed d r a s t i c a l l y  from one season t o  the  next.  
A. P i cke t t ,  Hughes A i r c r a f t :  Yeah I would say t h a t  yeah t h e  depth 
discharge i s  probably more - a f f e c t s  the  b a t t e r y  more l a t e r .  I 
t h i n k  i f  you look  a t  t he  model I b e l i e v e  t h e r e ' s  some cross terms 
i n  the re  w i t h  respect  t o  the  depth discharge i n  t ime t h a t  takes 
care o f  t ha t .  
Q. Ma l lo ry ,  AT&T B e l l  Labs: Second quest ion. Do you p lan  t o  inc lude 
anyth ing l i k e  t h e  recond i t i on ing  depth o f  discharge? 
A. P i c k e t t ,  Hughes A i r c r a f t :  We haven' t  inc luded i t  here o r  we d i d n ' t  
look a t  i t  here fo r  two reasons. I t  probably should be done f o r  
completeness b u t  t o  g i ve  you an i s o l a t e d  data p o i n t  one s a t e l l i t e  
which had been recondi t ioned t o  one v o l t  average per c e l l  showed 
a f t e r  e i g h t  years a  minimum discharge vo l tage o f  about 1.18. One 
t h a t  had been discharged t o  54% DOD showed an average o f  1.16 there  
may be something s i g n i f i c a n t  there  b u t  j u s t  on t h e  sur face I would 
say t h a t  i t ' s  probably n o t  t h a t  s i g n i f i c a n t .  
A. Maurer, AT&T B e l l  Labs: I was t h i n k i n g  o f  spacecrafts D l  & 2 where 
i t  was recondi t ioned t o  115 v o l t s / c e l l  f o r  the  f i r s t  3 seasons the  
vo l tage dropped o f f  then recond i t i on ing  to-one v o l t  t h e  vo l tage 
jumped back up again. 
A. Pickett, Hughes Aircraft: Yeah we've seen that and normally what we do 
is the beginning of life when we recondition or what we recommend to 
the customers is that during the first initial seasons they go to 1.15 
v/c and then as the satellite ages we go down to lower than that but 
we never exceed an average of one volt per cell. 
